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Abstract
Background: Iron deficiency is a common childhood micronutrient deficiency that results in altered hippocampal
function and cognitive disorders. However, little is known about the mechanisms through which neonatal iron
deficiency results in long lasting alterations in hippocampal gene expression and function. DNA methylation is an
epigenetic mark involved in gene regulation and altered by environmental factors. In this study, hippocampal DNA
methylation and gene expression were assessed via reduced representation bisulfite sequencing and RNA-seq on
samples from a previous study reporting reduced hippocampal-based learning and memory in a porcine
biomedical model of neonatal iron deficiency.
Results: In total 192 differentially expressed genes (DEGs) were identified between the iron deficient and control
groups. GO term and pathway enrichment analysis identified DEGs associated with hypoxia, angiogenesis, increased
blood brain barrier (BBB) permeability, and altered neurodevelopment and function. Of particular interest are genes
previously implicated in cognitive deficits and behavioral disorders in humans and mice, including HTR2A, HTR2C,
PAK3, PRSS12, and NETO1. Altered genome-wide DNA methylation was observed across 0.5 million CpG and 2.4
million non-CpG sites. In total 853 differentially methylated (DM) CpG and 99 DM non-CpG sites were identified
between groups. Samples clustered by group when comparing DM non-CpG sites, suggesting high conservation
of non-CpG methylation in response to neonatal environment. In total 12 DM sites were associated with 9 DEGs,
including genes involved in angiogenesis, neurodevelopment, and neuronal function.
Conclusions: Neonatal iron deficiency leads to altered hippocampal DNA methylation and gene regulation
involved in hypoxia, angiogenesis, increased BBB permeability, and altered neurodevelopment and function.
Together, these results provide new insights into the mechanisms through which neonatal iron deficiency results in
long lasting reductions in cognitive development in humans.
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Background
Iron is a micronutrient required for a number of import-
ant biological processes including neurological functions
such as myelination and neurotransmission [1]. Iron
deficiency is one of the most common micronutrient
deficiencies in the world and disproportionately affects
children under 5 years of age [2], resulting in altered
brain function that can lead to cognitive and behavioral
disorders [1]. While these symptoms can be reversed
through iron supplementation in individuals suffering
from iron deficiency during adolescence, the effects of
neonatal iron deficiency are long-lasting and potentially
permanent [3, 4]. This is likely due to the important
developmental brain growth and maturation that takes
place during the first few years of life, characterized by
dendritic growth, synaptogenesis, and glial cell prolifera-
tion [5, 6].
One of the brain regions important for learning and
memory functions, as well as emotional responses is the
hippocampus [6]. Numerous studies have reported
altered hippocampal gene expression in individuals with
reduced learning and memory or behavioral changes
[7–9], and the hippocampus is known to be highly vulner-
able to early life environmental insults such as iron
deficiency [10]. However, little is known about the cellular
mechanisms responsible for long lasting alterations in
hippocampal gene expression and function in response to
early life iron deficiency.
Epigenetics is the study of changes in gene expression
and phenotypes that occur without changes to the DNA
sequence [11]. DNA methylation is an epigenetic mark
that occurs predominantly at cytosine bases located 5’ ad-
jacent to a guanine (CpG sites) throughout the genome,
has a function in gene regulation, and can be altered in re-
sponse to environmental factors [11]. In addition, cytosine
methylation outside of CpG contexts (non-CpG sites) has
been observed in embryonic stem cells, induced pluripo-
tent stem cells, and oocytes of many mammalian species
[12–14], as well as mammalian and avian neuronal tissue
[15–17]. As DNA methylation is affected by environmen-
tal exposures and involved in gene regulation, it is ex-
pected that environmentally induced phenotypic changes
can be explained in part by aberrant DNA methylation
resulting in altered gene expression.
Recently neonatal pigs have emerged as ideal transla-
tional models for neurodevelopment studies due to a
number of similarities they share with humans [18]. Both
humans and pigs experience a similar neonatal brain
growth spurt, and the gyral pattern and distribution of
gray and white matter are similar in piglets and human
infants [19]. Pigs can also undergo behavioral testing to
assess cognitive development as early as 2 weeks of age
[20]. In addition, as in humans, pigs are born with limited
iron stores and are susceptible to iron deficiency without a
proper iron source [21]. This, in combination with the
similar distribution and function of DNA methylation in
porcine and human tissues [22, 23] makes pigs ideal
models for studying the epigenetic and gene regulatory
patterns associated with environmentally induced reduc-
tions in cognitive development. Therefore, the aim of this
study was to identify alterations in hippocampal DNA
methylation and gene expression patterns partially respon-
sible for the observed reduced hippocampal-based spatial
learning and memory phenotype in a porcine model of
neonatal iron deficiency [18]. The results presented here
provide new insights into the epigenetic and biological
mechanisms behind the long lasting reductions in
cognitive development observed in humans suffering from
neonatal iron deficiency.
Methods
Study aims and design
The aim of this study was to identify altered hippocampal
DNA methylation and gene expression responsible for
previously reported cognitive impairments in response to
neonatal iron deficiency [18]. Complete details on animals,
housing, study design, and tissue collection can be found
in Rytych et al. [18]. Briefly, naturally farrowed piglets
were weaned at postnatal day 2, at which point they were
artificially reared in caging units and provided sow milk
replacer that was adequate, mildly deficient, or severely
deficient in iron (100, 25, or 10 mg iron/kg milk solids,
respectively). Hippocampal tissue samples were obtained
at 4 weeks of age after assessment in a hippocampal-
dependent spatial T-maze task. DNA and RNA were
isolated and used herein to assess DNA methylation and
gene transcription patterns induced by neonatal iron
deficiency. Only tissue samples from piglets provided milk
replacer with adequate or severely deficient iron levels
(referred to as control and iron deficient, respectively)
were assessed.
Study design and sample collection
Hippocampus samples used in this study were collected
from 4 week old female Yorkshire piglets (four control,
three iron deficient) from a previously published study
[18]. Complete details on animals, housing, study design,
and tissue collection can be found in Rytych et al. [18].
Briefly, naturally farrowed piglets were weaned at post-
natal day 2, at which point they were artificially reared
in caging units and provided sow milk replacer that was
adequate, mildly deficient, or severely deficient in iron
(100, 25, or 10 mg iron/kg milk solids, respectively).
Hippocampal and prefrontal cortex tissue samples were
obtained at 4 weeks of age after assessment in a
hippocampal-dependent spatial T-maze task. DNA and
RNA were isolated and used herein to assess DNA
methylation and gene transcription patterns induced by
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neonatal iron deficiency. Only tissue samples from
piglets provided milk replacer with adequate or severely
deficient iron levels (referred to as control and iron
deficient, respectively) were assessed. The samples were
rinsed with PBS and stored at −80 °C until processing.
DNA and RNA isolation
Isolation of DNA and RNA from frozen hippocampus
was performed simultaneously using the AllPrep DNA/
RNA Mini Kit (Qiagen, Valencia, CA, USA) following
the manufacturer’s instructions. The DNA concentration
was determined using a NanoDrop spectrophotometer
and DNA quality was assessed by electrophoresis using
a 1 % agarose gel. RNA concentrations were determined
using a NanoDrop spectrophotometer and analyzed by
an Agilent 2100 Bioanalyzer using an RNA Nano
bioanalyzer chip to determine RNA integrity as well as
the presence/absence of gDNA by the Carver High-
Throughput DNA Sequencing and Genotyping Unit
(HTS lab, University of Illinois, Urbana, IL, USA). Only
RNA samples with a RNA integrity number (RIN)
greater than 7 were used for sequencing.
Reduced representation bisulfite sequencing and
targeted control library preparation
Reduced representation bisulfite sequencing (RRBS)
libraries were produced using 2 μg of high-quality
DNA by the HTS lab following standard protocols as
previously described [22]. RRBS libraries were produced
using DNA fragments ranging from 30 to 160 bp and
quantified using Qubit (Life Technologies, Carlsbad, CA,
USA), diluting to a final concentration of 10 nM. RRBS
libraries were further quantitated by qPCR on an ABI
1900. Production of targeted control libraries were
produced following standard RRBS protocols minus the
bisulfite treatment step as previously described [22], as
this method has been shown to be more effective at
targeting CpG rich regions than traditional SNP detection
methods [22].
RNA-seq library preparation
TruSeq Stranded RNA-seq libraries (TruSeq Stranded
RNA Sample Preparation Kit, Illumina, San Diego,
CA, USA) were produced by the HTS lab using 1 μg
of high-quality RNA following standard protocols as
previously described [22]. RNA-seq libraries underwent
10 cycles of PCR amplification using the Kapa HiFi poly-
merase (Kapa Biosystems, Woburn, MA, USA) to reduce
PCR duplication. Finally, quantification of the resulting
RNA-seq libraries was performed as described above.
Illumina sequencing
Illumina sequencing was performed by the HTS lab on
an Illumina HiSeq2500. Single-end 100 bp reads were
produced for RRBS and targeted control libraries, while
paired-end 100 bp reads were produced for RNA-seq
libraries.
RRBS data analysis
Illumina sequencing resulted in an average of 52.3
million raw reads per sample, ranging from 37.6 to 61.1
million (Additional file 1: Table S1). Adapters were
trimmed from reads using Trim Galore v.0.3.3 [24],
which also removes experimentally introduced cytosines
and filters reads based on minimum quality score (20)
and length (20 bp). Trimmed reads were aligned to
an in silico converted reduced representation version (20
to 180 bp fragments) of the swine reference genome [25]
produced using BS-seeker2 v.2.0.5 [26]. Alignments were
performed using BS-seeker2 v.2.0.5, which utilizes Bowtie2
v.2.1.0 [27], by adjusting the alignment mode (local), seed
length (20), maximum number of mismatches allowed in
the seed alignment (1), and maximum number of mis-
matches/read (2). The final alignments had an average
coverage of 23.84 with 1.31 % of the genome covered
(Additional file 1: Table S2). The ratio of unmethylated to
total reads for covered cytosines on the mitochondrial gen-
ome was calculated to determine the bisulfite conversion
rate (99.2 %). The bs_seeker2-call_methylation.py script
was used to identify the ratio of methylated/total uniquely
aligned reads at each site (methylation levels). Reads align-
ing to each strand were combined, and the minimum
coverage for a site to be utilized for analysis was 10x in all
samples.
Differentially methylated (DM) sites were calculated
using methylKit v.0.9.4 [28] after removing sites with
high read coverage (upper 99.9th percentile) in order to
eliminate bias caused by PCR duplication. Sites were
considered DM with a minimum methylation difference
of 25 % and a q-value < 0.01, which are program defaults
intended to help ensure identified DM sites have poten-
tial biological significance.
Targeted control data analysis
Targeted control datasets were used to assess CpG and
non-CpG sites for potential SNPs as previously described
[22]. Illumina sequencing resulted in an average of 15.5
million raw reads per sample, ranging from 12.6 to 18.5
million (Additional file 1: Table S1). Following trimming
as described above, bowtie2 v.2.2.3 was used to perform
alignments to the swine reference genome by adjusting
the alignment mode (–end-to-end), the –N option (1),
and the –L option (20). GATK v.2.3-9-ge5ebf34 [29] was
used to realign the uniquely aligned reads. The final
alignments had an average coverage of 7.17 with 1.28 % of
the genome covered (Additional file 1: Table S2). GATK
v.3.3-0 was used to perform variant calling by adjusting
the –stand_call_conf option (50), the –stand_emit_conf
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option (20), and the –dcov option (200). Read depths
used to call SNPs ranged from 1/3 to 2 times the
average coverage (minimum depth of 4 reads), and
taking the mapping quality (minimum of 20) into
account. These sites were removed from the RRBS
dataset before analysis.
RNA-seq expression analysis
Illumina sequencing resulted in an average of 35.3 million
raw paired-end reads per sample, ranging from 29.7 to
42.8 million (Additional file 1: Table S1). Sequential
trimming for adapter contamination and A-tails, as well
as minimum quality score (20) and length (20 bp) was
performed as described above. While a minimum length
of 20 bp was used for paired reads, a minimum length of
35 bp was used for unpaired reads. Tophat v.2.2.10 [30]
was utilized to perform alignment to the swine reference
genome as previously described [22]. Reads with more
alignments than the maximum allowable number (20)
were filtered out using the –M option. The remaining
reads were aligned to the Ensembl swine reference tran-
scriptome (-G) followed by alignment to the genome by
adjusting the –read-realign-edit-dist option (0), the –
mate-inner-dist option (120), the –mate-std-dev option
(260), and by indicating the method used to perform the
stranded library preparation (fr-firststrand). Cufflinks
v.2.2.1 [31] was used to perform differential gene expres-
sion analysis as previously described [32]. Transcripts
were assembled using cufflinks using the fr-firststrand op-
tion, after which transcripts from all samples were merged
with the reference transcripts using Cuffmerge. Gene ex-
pression was pre-computed using Cuffquant by including
the –u and fr-firststrand options. Finally, differential
expression analysis was performed using Cuffdiff by
including the –u and fr-firstrand options, and genes with
a q < 0.05 were considered differentially expressed genes
(DEGs).
GO term and pathways analysis
GO terms and pathways enriched for DEGs were
determined using DAVID v6.7 [33], with all genes as
a background. Three domains (cellular component,
molecular function, and biological process) were used to
perform the GO term analysis, while KEGG [34], PAN-
THER [35], and REACTOME [36] databases were used
for pathway analysis. The Benjamini-Hochberg method
was used for multiple testing correction of P-values, with
GO terms and pathways with a q < 0.05 reported as
enriched.
Statistical analysis
R v.3.1.2 [37] was utilized for statistical analysis. The
Shapiro-Wilk normality test was used to assess data
normality, and equality of variance was assessed using
an F-test. The Student’s t-test was used to determine
statistical significance between normally distributed
groups with equal variance, while groups with unequal
variance were tested using a Welch two sample t-test.
Non-normally distributed data was tested using the
Wilcoxon signed-rank test. Correlation analysis was
performed using the Pearson correlation coefficient, and
ANOSIM was performed using Bray-Curtis dissimilarities.
Enrichment analysis was performed using a Fisher’s exact
test. Significance for all tests was based on a p-value <
0.05, with the exception of tests requiring multiple testing
corrections. Sites were considered DM with a q-value <
0.01, genes were considered DEGs with a q-value < 0.05,
and GO terms and pathways were considered enriched
with a q-value < 0.05.
Results
Iron deficiency and reduced cognition phenotypes
The aim of this study was to identify altered hippocampal
DNA methylation and gene expression responsible for
previously reported cognitive impairments in response to
neonatal iron deficiency [18]. In that study, significant re-
ductions in iron levels were observed in the hippocampus
of iron deficient pigs, compared to a similar but non-
significant reduction in the prefrontal cortex. In addition,
increased expression of the transferrin receptor TFRC was
observed in the hippocampus and prefrontal cortex of
iron deficient pigs, although the difference was only
significant in the prefrontal cortex. These results led to
the conclusion that increased TFRC expression in the
prefrontal cortex allows for the maintenance of higher
prefrontal cortex iron concentrations, while the
hippocampus was unable to adapt to properly protect
itself from iron deficiency. The same reductions in
iron concentration and increases in TFRC expression
were observed in the pigs selected for this study
(Additional file 1: Figure S1).
The previous study also assessed the effects of iron
deficiency on hippocampal-based spatial learning and
memory using a maze with visual cues indicating the
location of the reward [18]. In that study, the iron
deficient pigs made fewer correct choices, took longer
to make a choice, and moved a greater distance in
the maze, all of which indicate that iron deficiency
resulted in reduced cognitive performance. These
same trends in hippocampal-based spatial learning
and memory were observed in the iron deficient and
control pigs used in this study (Additional file 1:
Figure S1). While not significant due to the lower
sample size, the results clearly demonstrate that the
pigs selected for this study are representative of their
respective groups in terms of iron deficiency and cog-
nitive functioning.
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Differential hippocampal gene expression by RNA-seq in a
neonatal iron deficiency model of cognitive development
Evidence for hypoxia-induced angiogenesis and blood brain
barrier permeability
A total of 192 differentially expressed genes (DEGs) were
detected between the iron deficient and control groups,
with 121 up- and 71 down-regulated in the iron deficient
group (Fig. 1a, b, Additional file 1: Tables S3, S4). Log2
fold change differences ranged from 0.67 to 4.22 for up-
regulated genes, and −0.69 to −4.03 for down-regulated
genes (Additional file 1: Tables S3, S4). Cluster analysis
based on the relative expression of the 192 DEGs
resulted in samples clustering by group (Fig. 1b),
suggesting a reproducible effect of iron deficiency on
hippocampal gene expression. GO term and pathway
enrichment analysis resulted in 37 GO terms and 5 path-
ways significantly enriched for DEGs, many of which are
involved in response to hypoxia and angiogenesis, in
addition to neurological system processes (Additional file 1:
Table S5). Of the enriched GO terms and pathways, 28 and
3 were also enriched for DEGs up-regulated in the iron
deficient group, respectively, including those related to
response to hypoxia, angiogenesis, and genes located within
the extracellular matrix (Fig. 2a, c, and e, Additional file 1:
Table S6). In this study, all DEGs associated with response
to hypoxia were up-regulated in the iron deficient group
(Fig. 2b), including genes known to be up-regulated in
hypoxic conditions such as TF [38], PLAT [39], ENG [40],
FLT1 [41], and VEGFA [42]. The majority of DEGs associ-
ated with angiogenesis related terms and pathways were
also up-regulated in the iron deficient group (Fig. 2c),
including a number of factors that are active during angio-
genesis, such as ENPP2 [43], EGFL7 [44], CD9 [45], ENG
[46], FLT1 [47],VEGFA [48], and ADM (Fig. 2d) [49].
In addition, increased VEGFA and FLT1 expression is
known to induce hyperpermeability of the blood brain
barrier (BBB) [50]. VWF is another gene whose expres-
sion is associated with increased BBB permeability and
was observed at higher levels in the iron deficient group
(1.81 log2 fold change, Additional file 1: Table S3) [51].
Finally, increased expression of the vasoconstrictor
receptor EDNRB is associated with vasoconstriction of
cerebral arteries in rodent models of ischemic stroke
[52]. Decreased expression of EDNRB was observed
in the iron deficient group (−0.86 log2 fold change,
Additional file 1: Table S4), suggesting vasodilation of
hippocampal arteries. Together, these results suggest
reduced hippocampal iron levels induced hypoxic
conditions, resulting in hypoxia-induced angiogenesis
and BBB permeability involved in the observed re-
duction in hippocampal-based spatial learning and
memory.
Evidence for altered hippocampal neurodevelopment and
function
A number of enriched GO terms and pathways were
related to neurological development and function (Fig. 3a,
Additional file 1: Table S5), including the hsa04360:Axon
guidance pathway. This pathway was enriched for all
DEGs and down-regulated DEGs in the iron deficient
group (Fig. 3a, Additional file 1: Table S5, S7), suggesting
altered neurodevelopment in the iron deficient hippo-
campus. Many of the down-regulated DEGs are
involved in neurodevelopment by promoting neurite
or axon outgrowth, including SEMA3E [53], NTNG1
[54], and CARTPT, which is also involved in stress
responses and sensory processing (Fig. 3b) [55].
Additional down-regulated DEGs such as SLIT2 [56]
Fig. 1 Visualization of DEGs. a Total number of DEGs, including those up- and down-regulated in the iron deficient compared to the control
group. b Heatmap of the normalized expression level of the 192 DEGs for each sample, represented as z-scores. Dendrograms represent
relationships between samples (columns) and genes (rows) based on complete linkage clustering
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and UNC5D [57] have been shown to function as
repulsive neuronal and axon guidance molecules
(Fig. 3b). In addition, a number of up-regulated DEGs
also promote neurodevelopment, including UNC5B
[58], SEMA3G [59], PLXNB3 [60] and PLAT [61]
(Fig. 3b). The simultaneous up- and down-regulation of
genes promoting neurodevelopment, including guidance
cues (NTNG1, SLIT2, SEMA3E, and SEMA3G) and
growth cone receptors (UNC5B, UNC5D, and
PLXNB3) in the hsa04360:Axon guidance pathway,
suggests iron deficiency resulted in altered hippocam-
pal neurodevelopment.
Many of the DEGs associated with the enriched terms
and pathways were also related to neuronal function,
including two serotonin receptors, HTR2A and HTR2C
(Fig. 3b). Serotonin is a neurotransmitter involved in
many behavioral and functional processes including
pain, emotion, and learning and memory [62]. In this
study, both reduced HTR2A and increased HTR2C
expression was observed in the iron deficient group
(Fig. 3b), suggesting opposing downstream functions of
these genes in response to binding by serotonin. Other
down-regulated DEGs related to neuronal function in-
clude PAK3 (Fig. 3b), which is involved in the formation
Fig. 2 GO terms and pathways enriched for DEGs in the iron deficient group. a. GO terms related to response to hypoxia that were enriched for
DEGs up-regulated in the iron deficient group. b. DEGs associated with enriched GO terms related to response to hypoxia. c. GO terms and path-
ways related to angiogenesis that were enriched for DEGs up-regulated in the iron deficient group. d. DEGs associated with enriched GO terms
and pathways related to angiogenesis. e. GO terms and pathways related to genes located within the extracellular matrix that were enriched for
DEGs up-regulated in the iron deficient group
Fig. 3 Enriched GO terms and pathways related to neurological functions in the iron deficient group. a GO terms and pathways enriched for
DEGs related to neurodevelopment and function. b DEGs associated with enriched GO terms and pathways related to neurodevelopment
and function
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and plasticity of synapses [63], PRSS12 (−0.93 log2 fold
change, Additional file 1: Table S4), which plays an
essential role in maintaining neuronal plasticity in
hippocampal neurons [64], and NETO1 (−1.04 log2 fold
change, Additional file 1: Table S4), a subunit of en-
dogenous synaptic kainate receptors (KARs) required for
synaptic plasticity and learning [65].
Differential hippocampal DNA methylation by RRBS in a
neonatal iron deficiency model of cognitive development
CpG and non-CpG site validation
As CpG sites mutate at a high rate due to the deamin-
ation of 5-methylcytosine to thymidine [66], which can
lead to incorrect methylation calls, these sites were
tested for the presence of SNPs using targeted control li-
braries as previously described [22]. Of the 1,145,787
high confidence CpG sites (covered by at least 10 reads
in at least one sample), an average of 721,861 (63.00 %)
were tested for the presence of SNPs in each individual,
resulting in 19,597 (average of 8005/individual) detected
SNPs that were removed before further analysis. In
addition, of the 5,556,880 high confidence non-CpG
sites, an average of 3,858,483 (69.44 %) were tested for
the presence of SNPs in each sample, resulting in 15,179
(average of 6394/individual) detected SNPs that were
removed from further analysis. In addition, 3,879,042
(69.81 %) high confidence non-CpG sites were tested for
the presence of a guanine in the 3’ adjacent base that
would result in the presence of a CpG site. A total of
12,532 (average of 6482/individual) non-CpG sites were
converted to CpG sites, and were removed before further
analysis. Furthermore, the average methylation level of
converted CpG sites was higher in individuals found to
contain the SNP (38.79 %) than individuals without the
variant (3.89 %), further validating the use of targeted
control libraries for SNP detection in RRBS studies.
In order to demonstrate the importance of SNP removal
for studies involving differential methylation analysis,
differentially methylated (DM) CpG sites were assessed
between the control and iron deficient groups both before
and after removal of SNP sites. A total of 853 DM CpG
sites were detected after SNP removal, compared to 1810
before SNP removal (Fig. 4). Of the 957 additional DM
CpG sites detected before SNP removal, 904 were located
at detected SNP sites, resulting in a significant overrepre-
sentation of SNPs at DM CpG sites (P < 1 x 10−15; Fig. 4).
Taken together, these results further validate the use of
targeted control libraries for SNP detection, while demon-
strating the importance of SNP detection in studies asses-
sing differential methylation.
Differential DNA methylation
A total of 584,669 CpG and 2,403,462 non-CpG sites
were covered by all samples and used for comparative
analysis. Significant differences in global methylation
patterns were detected between groups, with a lower
proportion of hypomethylated CpG sites (>0 % - < 25 %)
observed in the iron deficient compared to the control
group (P = 0.017; Fig. 5a). The vast majority of non-CpG
sites were unmethylated in all samples (average of
75.88 %), indicating little non-CpG methylation present
in the porcine neonatal hippocampus. Comparing non-
CpG methylation levels revealed a higher proportion of
unmethylated (0 %) and methylated (>1 %) non-CpG
sites in the iron deficient compared to control group
(P < 0.05; Fig. 5b). Globally samples were more similar in
their CpG than non-CpG methylation patterns (average
Pearson’s correlation coefficient of 0.98 and 0.81, respect-
ively; P < 1 x 10−15; Additional file 1: Figure S2, S3),
suggesting that genome-wide CpG methylation patterns
are more conserved than non-CpG methylation patterns.
Additionally, samples were not found to be more similar
within groups than across groups when assessing
methylation patterns at all CpG and non-CpG sites
(ANOSIM R = −0.185 and 0.241, P = 0.888 and 0.129,
respectively; Fig. 5c, d). Together the results suggest
that early life iron deficiency leads to global changes
in DNA methylation composition; however, these
differences are not large enough to differentiate
samples by group. Therefore, methylation differences
at individual sites were assessed to identify regions
potentially responsible for the observed gene expres-
sion changes between groups.
Differential methylation analysis revealed a total of 853
and 99 DM CpG and non-CpG sites between the iron
deficient and control group, respectively. Similar num-
bers of DM CpG and non-CpG sites were observed to
be hypo and hypermethylated in the iron deficient com-
pared to the control group (Fig. 6a, b). Although samples
were more highly correlated within groups than across
Fig. 4 Influence of SNPs on differential methylation analysis. The
number of DM CpG sites detected before and after SNP removal
are displayed in blue, while the proportion of SNPs at DM CpG
sites and all covered CpG sites are displayed in red. *denotes
P-value < 1 x 10−15
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Fig. 5 Distribution and similarity of hippocampal DNA methylation patterns. Distribution of a CpG and b non-CpG site methylation in the iron
deficient and control samples. Multidimensional scaling plot of Bray-Curtis dissimilarities between samples for c all CpG sites and d all non-CpG
sites. *denotes p-value < 0.05
Fig. 6 Distribution and similarity of DM sites across groups. Number of DM, hypomethylated, and hypermethylated a CpG and b non-CpG sites
detected between the iron deficient and control group. Heatmap of the methylation level for a 853 DM CpG and b 99 DM non-CpG sites for each
sample, represented as z-scores. Dendrograms represent relationships between samples based on complete linkage clustering. Multidimensional
scaling plot of Bray-Curtis dissimilarities between samples for c DM CpG sites and d DM non-CpG sites
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when comparing DM CpG sites (average Pearson’s
correlation coefficient 0.417 and 0.269, respectively), the
result was not significant (ANOSIM R = 0.444, P = 0.077;
Fig. 6c). This is due to the observed clustering of one
control sample with the iron deficient samples when
comparing DM CpG sites (Fig. 6a). However, samples
were significantly more similar within groups than
across when comparing DM non-CpG sites (average
Pearson’s correlation coefficient 0.404 and 0.164, re-
spectively, ANOSIM R = 0.5, P = 0.029; Fig. 6d), resulting
in the clustering of samples by group (Fig. 6b).
The genomic location of DM CpG and non-CpG sites
in relation to genomic features was assessed by deter-
mining the ratio of DM to covered sites in CpG islands,
shores, gene bodies, and up to 10 kb upstream of tran-
scription start sites (TSS). The highest proportion of
DM CpG sites had no association with known CpG
islands, shores, or genes, with gene bodies containing
slightly more DM CpG sites than CpG islands and
shores, and the lowest proportion located 10 kb up-
stream of genes (Fig. 7a). In contrast, the highest
proportion of DM non-CpG sites were located within
CpG island shores, followed by CpG islands, with the
lowest proportions located within gene bodies and 10 kb
upstream of genes (Fig. 7b).
Differential methylation associated with differential expression
In order to determine if methylation changes were associ-
ated with changes in gene expression, DEGs were assessed
for DM site enrichment compared to all other genes
(including 10 kb upstream of TSS). While a higher pro-
portion of DEGs were associated with DM CpG and non-
CpG sites (4.73 and 0.57 %, respectively) compared to all
other genes (2.82 and 0.29 %, respectively), these enrich-
ments were not significant (P > 0.1; Fig. 7c, d). In total 11
DM CpG sites were located within or directly upstream of
8 DEGs (Table 1). It is important to note that while DNA
methylation in general is negatively correlated with ex-
pression in the brain [17], recent studies suggest that
DNA methylation can also lead to activation of transcrip-
tion through various interactions with transcription
factors [67]. Therefore, this study reported all DM sites
associated with DEGs, regardless of the directional change
in expression and methylation level.
The majority the DEGs associated with DM sites are
involved in either angiogenesis, neurodevelopment, or
neuronal function, including the previously mentioned
VWF, UNC5B, and HTR2C (Table 1). The observed
increased VWF expression was associated with hypome-
thylation of an intragenic CpG site located between
exons 11 and 12 in the iron deficient group (−39.15 %),
while increased UNC5B expression was associated with
hypermethylation of an intragenic CpG site located
between exons 1 and 2 (34.05 %). Neither site was
associated with a CpG island or shore. In addition, the
observed increased HTR2C expression was associated
with hypomethylation of 2 CpG sites located between
2390 and 2400 bp upstream of the TSS in the iron
deficient group (Table 1), suggesting the presence of a
promoter in this region. In addition, hyper- (37.11 %)
Fig. 7 Distribution of DM sites in relation to genomic features. Ratio of DM to covered a CpG and b non-CpG sites in relation to genomic features.
Distribution of c DM CpG and d DM non-CpG sites in DEG regions (including 10 kb upstream of TSS) compared to all genes
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and hypomethylation (−35.23 %) was observed at 2 in-
tragenic CpG sites located between exons 1 and 2.
Another DEG associated with differential methylation
was SV2B, a synaptic vesicle protein involved in the
regulation of Ca++ dependent synaptic neurotransmitter
release in the hippocampus [68]. In this study, reduced
expression (−0.97 log2 fold change) was observed in the
iron deficient group associated with hypermethylation
(29.24 %) of an intragenic CpG site located less than
200 bp from the TSS in exon 1 (Table 1).
In addition to the DM CpG sites, 1 DM non-CpG site
was associated with MICALL2 (Table 1), an effector
protein of RAB13 that inhibits neurite outgrowth [69].
MICALL2 was expressed at a 1.24 log2 fold higher level
in the iron deficient compared to the control group,
suggesting an increase in hippocampal neurite out-
growth inhibition in this group. The increased expres-
sion was associated with hypermethylation (44.53 %) of
an intragenic non-CpG site (CpC site) less than 1600 bp
downstream of the TSS. In addition, this site is located
within a CpG island shore separating 2 CpG islands, one
of which overlaps the TSS.
Discussion
This study sought to assess differences in hippocampal
DNA methlyation and gene expression between control
piglets and those with reduced hippocampal-based
learning and memory as a result of neonatal iron defi-
ciency. One of the detected DEGs of interest encodes
the plasma glycoprotein transferrin (TF), which binds
iron and transports it through the blood and across cell
membranes by binding to its receptor TFR [70]. TF plays
an important role in transporting iron to many brain
regions including the hippocampus, where it is needed
for enzyme activity, oxygen delivery, and neurotransmit-
ter synthesis [70]. Increased hippocampal TF expression
is observed in rats fed iron deficient diets [70], and was
also observed in the iron deficient pigs. This, combined
with the reduced hippocampal iron levels in the iron
deficient pigs, provides evidence for the iron deficient
status of the hippocampus.
Iron is essential for oxygen delivery, and the brain has
the highest rate of oxygen consumption of any organ
[71]. Reduced iron levels have been shown to cause
hypoxia in the brain [72], resulting in a reduction in
hippocampal gray and white matter volumes, as well as
cognitive and motor difficulties in mice [73]. The enrich-
ment of response to hypoxia related GO terms and
pathways, in addition to reduced hippocampal iron
levels, suggests hypoxic conditions were present in the
iron deficient hippocampus. Hypoxic conditions in the
brain are one of the primary regulators of angiogenesis
and BBB permeability [71], and increased expression of
VEGFA and its receptor FLT1 are one of the primary
regulators of hypoxia induced angiogenesis and BBB
hyperpermeability [42, 50, 74]. VWF also promotes BBB
hyperpermeability in response to hypoxic conditions
[51], and increased expression of VEGFA, FLT1, and
VWF was observed in the iron deficient hippocampus.
These results, in addition to the enrichment of GO
terms and pathways associated with angiogenesis, sug-
gest that iron deficiency resulted in hypoxic conditions
Table 1 DM sites associated with DEGs






CpG site % Methylation
difference
AK5 6 125,964,963 126,223,426 − 220.095 108.314 −1.02291 126,222,882 27.13 %
COL18A1 13 218,086,392 218,088,850 + 6.0639 16.1761 1.41555 218,086,634 46.84 %
ENSSSCG00000010493 14 116,376,967 116,425,960 − 0.787778 2.73519 1.79578 116,377,431 25.47 %
SV2B 7 93,628,494 93,828,585 − 61.2676 31.3412 −0.967065 93,828,414 29.24 %
UNC5B 14 80,010,893 80,098,908 + 7.68495 12.5631 0.709085 80,060,756 34.05 %
VWF 5 67,005,340 67,078,256 + 2.61282 9.17948 1.81281 67,050,813 −39.15 %
HS6ST2 X 124,748,953 125,078,245 − 21.3711 8.641 −1.30639 125,076,126 25.18 %
HTR2C X 108,566,657 108,871,722 + 3.18817 6.73597 1.07916 108,591,537 37.11 %
HTR2C X 108,566,657 108,871,722 + 3.18817 6.73597 1.07916 108,591,463 −35.23 %
HTR2C X 108,566,657 108,871,722 + 3.18817 6.73597 1.07916 108,564,261 −25.29 %
HTR2C X 108,566,657 108,871,722 + 3.18817 6.73597 1.07916 08,564,264 −37.58 %






Non-CpG site % Methylation
difference
MICALL2 3 1,066,675 1,085,568 − 2.73823 6.46233 1.23881 1,084,014 44.53 %
The first 11 lines represent DM CpG sites associated with DEGs, while the last line represents a single DM non-CpG site associated with a DEG. % methylation
difference is the observed change in methylation in the deficient group relative to the control group. Log2 fold changes are the observed change in expression in
the deficient group relative to the control group. Expression levels are represented as fragments per kilobase of transcript per million fragments mapped (FPKM)
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leading to increased angiogenesis and BBB permeability.
Increased VWF expression was also associated with
hypomethylation of an intragenic CpG site, suggesting
epigenetic regulation of BBB permeability. However, as
these results are based solely on bioinformatics analysis,
further studies are required to confirm that neonatal
iron deficiency resulted in hypoxic conditions, increased
angiogenesis, and BBB permeability in the hippocampus.
The enrichment of both up- and down-regulated genes
promoting neurodevelopment suggests neonatal iron de-
ficiency leads to altered hippocampal neurodevelopment.
This hypothesis is further supported by a recent study
reporting decreased white and increased grey matter
hippocampal volume in an additional age matched
cohort of iron deficient piglets [75]. No difference in
total hippocampal volume was observed between groups.
Furthermore, increased radial diffusivity and mean diffu-
sivity were increased in the hippocampus of the iron
deficient pigs, indicating reduced myelination and less
structural organization in the iron deficient hippocam-
pus [75]. Therefore the reported simultaneous up- and
down-regulation of genes promoting neurodevelopment,
including genes encoding neural and axon guidance cues
and receptors, as well as those promoting neurite and
axon outgrowth, provides further insight into the
mechanisms behind the previously reported alter-
ations in hippocampal neurodevelopment. In addition,
the majority of identified DEGs associated with DM
sites are involved in neurodevelopment, highlighting
the importance of epigenetic regulation in environ-
mentally induced diseases affecting neurodevelopment.
A number of DEGs detected in this study have also
been associated with altered neuronal function, includ-
ing reduced HTR2A and increased HTR2C expression in
individuals suffering from depression and Huntington’s
disease [76, 77]. In addition to the decreased HTR2A
and increased HTR2C expression was observed in the
iron deficient hippocampus, a high number of DM CpG
sites were associated with HTR2C, suggesting this gene
is epigenetically regulated in response to early life iron
deficiency. Additional DEGs down-regulated in the iron
deficient hippocampus have been previously implicated in
learning and memory functions, including PAK3, whose
signaling is critical for neuronal connections that underlie
cognitive functions [78]. Deficiencies in synaptic plasticity,
learning, and memory have also been reported in Pak3
knock-out mice [79]. In addition, expression of a trun-
cated version of PRSS12, another down-regulated DEG,
results in symptoms of mental retardation in humans,
while PRSS12 knock outs lead to impaired long-term
memory formation in Drosophila and mice [9, 80]. Finally,
the synaptic KARs subunit NETO1 has been implicated in
reduced learning and memory in Neto1 knock out mice
[81]. The down-regulation of all three of these genes in
the hippocampus of the iron deficient group supports
their role in hippocampal-based learning and memory,
and suggests the observed reduction in cognitive develop-
ment is partly due to altered neuronal plasticity and func-
tion in the hippocampus.
Although the above mentioned results provide insights
into the mechanisms through which neonatal iron
deficiency results in reduced cognitive development, the
number of identified DEGs associated with DM sites is
relatively low (9 DEGs associated with 12 DM sites). The
low overlap between the methylation and expression
profiles may be due to the limited power of the study
caused by the relatively low samples size. Indeed, the
low sample size is a limitation of the study, and future
studies utilizing additional individuals are required to 1)
confirm the results presented here, and 2) further
investigate the link between neonatal iron deficiency,
hippocampal DNA methylation, and expression. How-
ever, it is important to note that while increasing the
sample size would likely increase the number of identi-
fied DEGs associated with DM sites, another important
reason for the relatively low overlap is the lack of func-
tional annotation in the pig reference genome. This lack
of knowledge in terms of the location of transcription
factor binding sites, promoters, and enhancers makes
identifying methylation regulating changes in gene ex-
pression difficult. Because of the lack of functional anno-
tation, this study considered a DM site associated with a
DEG if it was located within or 10 kb upstream of the
gene of interest. While sites located in these regions are
likely involved in gene regulation, there are potentially a
significant number of DM sites outside these regions
that are also involved in regulating gene expression, but
are missed due the lack of functional annotation.
Higher similarities in CpG than non-CpG methylation
were observed across samples. Consistent with previous
results [17], the vast majority of non-CpG sites were
unmethylated in the porcine neonatal hippocampus.
This, in addition to the higher number of DEGs associ-
ated with DM CpG compared to non-CpG sites provides
further evidence for CpG methylation as the primary
form of regulation in the neonatal brain. The highly con-
served accumulation of non-CpG methylation to become
the dominate form of gene regulation has been observed
during the development of mammalian brain from fetal
to adulthood coinciding with synaptogenesis [17]. The
higher proportion of unmethylated non-CpG sites in the
iron deficient group could indicate a delay in the normal
accumulation of non-CpG methylation in response to
neonatal iron deficiency. However, increased numbers of
methylated (>1 %) non-CpG sites were also detected in
the iron deficient group, suggesting an increase in non-
CpG methylation accumulation. While it is unclear how
neonatal iron deficiency affects the accumulation of
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non-CpG methylation, samples clustered by group when
comparing methylation levels at DM non-CpG sites. This
suggests neonatal iron deficiency plays a significant role in
shaping non-CpG methylation, which can have a lasting
impact on gene regulation and function later in life. In
addition, it is interesting that DM CpG sites were found
most frequently within gene bodies, while the highest pro-
portion of DM non-CpG sites were located within CpG
islands and shores. These results suggest the genomic re-
gions in which neuronal CpG and non-CpG methylation
is prone to alteration in response to early life environment
varies, and indicates distinct differences in the distribu-
tion, regulation, and function of CpG and non-CpG
methylation in the developing neonatal hippocampus.
It is important to note that while samples tended to
cluster by group when evaluating expression and methy-
lation patterns at DEGs, DM CpG, and DM non-CpG
sites, the resulting heat maps still suggest a high level of
variability within groups. This is unlikely to be due to
phenotypic or sex differences between individuals within
groups, as only female individuals displaying cognitive
abilities consistent with their group mates were utilized.
Female individuals were selected in order to eliminate
sex related variability in methylation and expression
within groups. However, because of the exclusion of
male individuals, further studies incorporating male
subjects are required to determine if the reported mech-
anisms are sex specific, especially given the known
effects sex hormones have on hippocampal function and
development. The observed reduced cognition pheno-
type is proposed to be due to altered neurodevelopment
and function resulting from a combination of hypoxia-
induced angiogenesis and increased BBB permeability, in
addition to altered DNA methylation resulting in differ-
ential gene expression. Therefore, the degree to which
each of these factors contributes to the reduced cogni-
tion phenotype may vary between individuals, suggesting
different pathways leading to the same phenotype. This
could also explain why many of the observed log2 fold
changes in expression were relatively low. The variability
within groups could also be due to differences in the
ratios of grey matter, white matter, and cell types in the
hippocampus samples sequenced, as methylation and
expression patterns are known to vary across cell types.
However, the observation of the reduced cognition
phenotype in addition to the clustering of samples by
group when assessing differential expression and methy-
lation patterns suggests a consistent effect of neonatal
iron deficiency on cognitive development.
Conclusions
Neonatal iron deficiency resulted in the differential
expression of genes involved in response to hypoxia,
angiogenesis, and neurodevelopment and function. These
results suggest that early life iron deficiency resulted in
hypoxia-induced angiogenesis and increased BBB perme-
ability in the hippocampus, the result of an attempt to
restore optimal hippocampal iron levels. This most likely
led to altered neurodevelopment and function, resulting
in the observed reduction in hippocampal-based learning
and memory. In addition, methylation analysis revealed
genome wide and site-specific differential CpG and non-
CpG methylation in response to neonatal iron deficiency.
The majority of DEGs associated with DM sites were
involved in neurodevelopment and neuronal function,
suggesting neonatal iron deficiency results in altered
epigenetic regulation of hippocampal neurodevelopment
and function, leading to reduced hippocampal-based
spatial learning and memory. These results provide
insights into the biological mechanisms through which
neonatal iron deficiency results in more permanent cogni-
tive deficits in humans.
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